dClk reach peak values during the late night/early day and trough values in the late day (Lee et al., 1998) . This suggests that daily changes in the abundance of dClk mRNA play a significant role in driving rhythms in the levels of the dCLK protein. Similar to PER and TIM, dCLK is phosphorylated, although the significance of this modification is unclear (Lee et al., 1998) . At all times throughout a daily cycle, the majority of dCLK is stably bound to CYC, consistent with the observation that the constitutively expressed CYC protein is present in great excess (Bae et al., 2000) . Dynamic changes in dCLK-CYC-mediated activity are likely controlled at numerous levels, from the abundance of dCLK that limits formation of dCLK-CYC complexes to the daily timing of PER and TIM interactions with the transcription factor (Lee et al., 1998) .
Among the behavioral outputs that are regulated by the Drosophila clock, the best studied is the daily rhythm in locomotor activity. Under standard 24 hr light-dark entraining conditions, the distribution of activity is bimodal with "morning" and "evening" peaks centered around the lights-on and lights-off transitions, respectively (Hamblen-Coyle et al., 1992). Both the morning and evening peaks of activity are at least partially under circadian regulation ). In addition, light also has acute effects characterized by a dawn- The results indicate that the dCLK abundance cycle is tained using ARK5 and ARK7 flies (data not shown). strongly regulated at the posttranscriptional level, possibly involving time-of-day specific phosphorylation events. Although the per-dClk flies have substantially Thus, dClk expression should be regulated from both higher levels of dCLK protein, only subtle effects were the endogenous wild-type gene and the per-dClk transobserved on the circadian timekeeping mechanism. Furgene in these transformants. Prior work indicated that thermore, locomotor activity rhythms were normal in the average daily levels of the dCLK protein are significonstant dark conditions. Nonetheless, in per-dClk flies cantly lower than those of PER in heads (Bae et al., 2000) , the morning activity was significantly extended later into suggesting that higher mean levels of dClk transcripts the day and light pulses evoked longer-lasting bouts of might be obtained by using per regulatory sequences activity. The findings show that dCLK levels are critical to drive expression. Based on this rationale, we reain mediating the direct photostimulation of activity in soned that a significant portion of the dCLK present in Drosophila. Our results support prior findings showing pacemaker cells might be derived from the per-dClk that the lights-on startle response is absent or dimintransgene, maximizing the probability of observing any ished in the arrythmic Clk jrk mutant (Allada et al., 1998). clock-relevant effects caused by altering the regulation of dClk expression (see below). Ten independent transResults genic flies harboring the per-dClk transgene were obtained, and three (designated ARK5, 7, and 8) were choAltered Rhythms of Clock RNAs in Flies sen for further detailed studies.
Expressing a per-dClk Transgene
As an initial attempt to investigate the status of the Given the highly integrated molecular circuitry underlyDrosophila clock in ARK flies, we measured the relative ing circadian pacemakers in Drosophila, we sought to levels of per, tim, dClk, and per-dClk transcripts as a determine whether changing the phase/levels of dClk function of time. Flies were maintained under standard RNA cycling would alter the clockworks and the behavconditions of 25ЊC and cycles of 12 hr light followed by ioral rhythms they govern. ) which produce endogenous dCLK. ure 1 and data not shown). The RNA waveform is charac-terized by a very rapid accumulation phase beginning at ZT4 with peak values attained at ZT8 and followed by a rather extended declining phase ( Figure 1A ). Although this temporal profile is clearly distinct from those observed for endogenous per or dClk RNAs, it is more similar to the daily cycles in per and tim transcript levels ( Figure 1B ). Most notably, per, tim, and per-dClk RNA levels begin to accumulate at the same time (i.e., ZT4), whereas the abundance of endogenous dClk RNA starts to increase ‫21ف‬ hr later at ZT16. Furthermore, trough levels of per-dClk RNA are reached at ZT0, the same time as trough levels for native per and tim transcripts ( Figure 1B) . In addition to changes in temporal regulation, daily peak values for per-dClk RNA were ‫-3ف‬ to 4-fold higher compared to those of endogenous dClk RNA in wildtype flies (compare Figures 1A and 2A) . This is consistent with our previous study showing that in head extracts the average daily levels of PER are ‫-5ف‬fold higher than dCLK and further supports the contention that dCLK is a limiting component in the Drosophila circadian oscillator (Bae et al., 2000) . The overall phase alignments of the endogenously driven per, tim, and dClk RNA oscillations were similar in wild-type and ARK flies (Figure 2) . Nonetheless, in ARK flies peak levels of per, dClk, and tim were higher, although those of tim were least altered (Figure 2 ).
Posttranscriptional Regulation of Cycles in the Levels of the dCLK Protein
To determine the levels of dCLK in ARK flies, we first analyzed head extracts prepared from flies collected at ZT11.5 and 23.5, previously shown to be times in a daily cycle when the levels of wild-type dCLK are at trough and peak values, respectively (Lee et al., 1998) ( Figure  3A ). In the three independent ARK lines analyzed, the Figure 3D) . Therefore, the timing of cycles in the abundance and phosphorylation of dCLK are migrating isoforms of dCLK at ZT23.5, a result that was consistently observed in all three ARK lines ( Figure 3A roughly similar in ARK and wild-type flies (Lee et al., 1998) . and data not shown). Prior work showed that differences in the electrophoretic mobility of dCLK are mainly, or
To distinguish between transgene-derived HA-dCLK and endogenous dCLK, we incubated head extracts solely, accounted for by phosphorylation (Lee et al., 1998) . Phosphatase treatment indicated that differential with anti-HA antibodies and analyzed recovered immune complexes ( Figures 3B and 3E ). In the late night, phosphorylation is also the major reason underlying the appearance of multiple mobility variants of dCLK in ARK HA-dCLK reaches peak levels and highly phosphorylated isoforms are preferentially present. Earlier work in flies ( Figure 3B ).
Higher resolution time courses confirmed that the wild-type flies showed that cycles in the levels of dClk mRNA and protein have similar phases, suggesting that abundance of dCLK in ARK flies cycles with a low amplitude that reaches peak values during the mid night to the abundance of dCLK is mainly regulated by temporal changes in the levels of dClk transcripts (Lee et al., early morning and trough amounts in the late day (Figures 3C and 3E) . Also, highly phosphorylated isoforms of 1998). However, by comparing the timing in the abundance cycles of per-dClk RNA and HA-dCLK protein dCLK (i.e., slowest migrating) are preferentially present sequently kept for 6-10 days in constant dark condiThe morning peak of activity appears to be comprised of (1) a startle response to lights-on characterized by a tions.
The In natural conditions, the most biologically significant or no, anticipatory rise in activity prior to lights-on (Figure 6) . The only other difference we observed in daily role of clocks is to align circadian rhythms to the lightdark cycle. Under standard conditions of 25ЊC and activity patterns during light-dark cycles was that at 29ЊC the timing of the evening peak of activity started 12:12LD, the locomotor activity of D. melanogaster has a bimodal distribution of activity with peaks centered ‫03ف‬ min earlier in ARK flies ( Figure 6B and data not shown). ARK flies exhibited a significantly higher portion around the dark-to-light transition at ZT0 (termed "morning" peak) and the light-to-dark transition at ZT12 of their daily activity during the light phase ( Figure 6C) . Interestingly, the Clk jrk mutant is preferentially nocturnal (termed "evening" peak) (e.g., Figure 6A Figure 6C ). In constant dark conditions, the duration of the mornevening peak of activity is a bona fide clock-controlled event because it begins to rise prior to the light-to-dark ing activity was indistinguishable in ARK and w 1118 flies ( Figure 6B , right panels, and data not shown). Furthertransition, and this "anticipatory" response does not occur in arrhythmic clock mutants (e.g., Figure 6A , commore, we did not observe any significant differences in other parameters of the activity rhythm, including the pare wild-type and per 01 flies). Furthermore, the evening peak of activity continues in constant dark conditions timing of the upswing, peak, and downswing in either morning or evening bouts of activity ( Figure 6B , right with a period of ‫42ف‬ hr in wild-type flies (e.g., Figure 6B ). Flies were kept at 25ЊC and total activity levels recorded during the last day of 12:12LD or first day of DD (DD1) were set to one. Daily activity refers to the portion of activity that occurred during the 12 hr period when either the lights were on during LD (i.e., ZT0 to 12) or the first subjective day of DD (DD1; i.e., CT0 to 12). The LD results are based on the same activity records used to generate the data shown in (A). Symbols denote the following: *, significant difference from w 1118 ; **, significant difference from w 1118 and ARK8 flies at p Ͻ 0.05 using ANOVA. panels, and data not shown). Finally, the portion of activalmost certainly indicating that the per-dClk transgene is not affecting canonical circadian pacemaker functions. ity that occurred during the subjective day in DD was similar in ARK and w 1118 flies ( Figure 6C ). Therefore, in This is in agreement with the minor effects on the daily cycles of clock mRNAs and proteins (Figures 1-5) . constant dark conditions, there are no differences in the waveform of the activity rhythm in ARK and control flies, Rather, the extended duration of morning activity in ARK flies during light-dark cycles is dependent on photic signals. Perhaps not surprisingly, the clock impaired per 01 and Clk jrk flies that are not subject to circadian Variations in RNA cycles could also explain the different temporal profiles in the abundance of dCLK from perSimilar increases in the amplitudes of clock protein and RNA rhythms were also observed in the tim-dClk transdClk and tim-dClk flies (Figures 1 and 3) . Dual control by mRNA cycles and posttranslational mechanisms likely genic flies (data not shown).
Why do large increases in the levels of dCLK only increase the dynamic range available for regulating clock protein abundance as a function of time. yield subtle effects on the circadian timing system? A likely explanation is that, despite higher overall levels Regulation of clock protein levels by temporal changes in phosphorylation is a common theme in circaof dCLK in ARK flies, the values remain within a concentration range that can still be efficiently inhibited by PER dian oscillators from a wide range of organisms (reviewed in Young and Kay, 2001 ). Besides modulating and TIM. Indeed, higher levels of PER and TIM interacted with dCLK in ARK flies than the counterpart situation in stability, the phosphorylation of dCLK could affect other attributes such as its ability to engage in the formation of wild-type flies ( Figure 5B) For head extracts that contained native dClk and per-dClk formed on individual flies using activity data collected during 7 consecutive days of DD. For each genotype, the free-running periods or tim-dClk transcripts, values were further normalized by correcting for the number of uridine residues present in the protected bands. of individual flies were pooled to obtain an average value for the population. A phase analysis program was used to generate graphiper and tim RNA levels were determined using the per 2/3 probe (Hardin et al., 1990 ) and a tim probe (Sidote et al., 1998) , respectively. cal representations of the average distribution of activity during a given 24 hr cycle (eductions). In addition, the phase program was
To measure the levels of dClk and per-dClk RNAs in ARK flies, we used PCR to generate a new antisense probe that could be used also used to calculate the time in a day (relative to the LD regime used) for the onset of activity (50% of peak), peak activity and offset to differentiate between dClk and per-dClk transcripts. PCR was performed with the (CaSpeR4)/per-dClk transformation vector deof activity (50% of peak) for both the "morning" and "evening" bouts of activity for each individual fly. Values for individual flies were scribed above as template in the presence of the following primers:
(1) 5Ј-GTGCGAATTTAGAGCCAGAAGGTC-3Ј (termed per186/209) pooled to obtain an average value for each genotype. Statistical comparisons of means were performed using ANOVA.
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